Spectroscopic ellipsometry is the technique of choice for determining the material properties of a-SiN x :H thin films on polished crystalline silicon (c-Si) surfaces in a fast and non-destructive way. However, c-Si surfaces in the PV sector are typically roughened in order to decrease reflection losses at the front surface of silicon wafer solar cells. Spectroscopic ellipsometry on rough c-Si surfaces with random features is very challenging, due to the depolarisation of the reflected light. This depolarisation strongly affects the ellipsometry measurement and makes it almost impossible to accurately extract the thin film properties by a model-based analysis. In this work we show that, despite these difficulties, it is possible to obtain accurate data for dielectric films on rough c-Si surfaces with random features, by analysing the ellipsometry data at specific photon energies which correspond to destructive interference (i.e., minimal reflection) at the sample surface. Silicon nitride films are deposited by PECVD onto polished and as-cut Si wafers and are then analysed by the proposed method. The results are subsequently corroborated by transmission electron microscopy.
Introduction
Spectroscopic ellipsometry (SE) is the state-of-the-art characterisation technique for determining the optical properties and the thickness of thin dielectric films in a simple, non-destructive and accurate manner [1] . Usually, the film of interest is deposited on a polished substrate to avoid measurement artefacts related to the roughness of the substrate surface. However, the ability to characterise thin films accurately on rough surfaces would benefit many research fields, in particular photovoltaics where rough silicon wafers are routinely used in both R&D laboratories and in industry. Roughening (or texturing) the silicon surface not only reduces the front surface reflection losses, but also enhances the optical thickness of the solar cells for weakly absorbed light. Hence, the ability to characterise functional thin films on these rough silicon wafers would allow real-life samples from the production lines be monitored and optimized. Previously, it has been shown by Saenger et al. [2] that accurate results can be obtained from alkaline textured monocrystalline silicon (mono-Si) surfaces. This can be achieved by modelling the effect of the roughened surface using the effective medium approach (EMA), whereby the film's optical properties are a mixture of the optical properties obtained from the polished reference wafer and a virtual fraction which depends on the wafer's surface morphology. While this approach is capable of describing the depolarization effect of the textured surface, it is purely empirical as the virtual void fraction is used as a fit parameter. In the present study, we show that by understanding the interaction of light with the textured surface accurate information on plasma silicon nitride films deposited on as-cut multicrystalline silicon (multi-Si) wafers can be obtained from ellipsometry measurements. Work on acid-textured multi-Si wafers is still in progress and it will be shown in a later article that a similar method can be applied to characterise those wafers.
Experiment
The silicon nitride (a-SiN x :H) films of this study were deposited using a commercial inline remote plasma-enhanced chemical vapour deposition (PECVD) reactor (SiNA®-XS from Roth & Rau AG). The precursor gases were ammonia (NH 3 ) and silane (SiH 4 ) and the depositions were performed at a substrate temperature of 450 °C , a chamber pressure of 0.22 mbar, and a plasma power of 2200 W. The total gas flow rate was maintained at 345 sccm with a fixed NH 3 /SiH 4 ratio of 4, resulting in a-SiN x :H films with a refractive index n of 2.1 at 2 eV. The thickness of the a-SiN x :H films was changed by varying the carrier speed during the PECVD process. The starting substrates used in this work were double-side polished ntype float-zone mono-Si wafers and as-cut p-type multi-Si wafers. Both substrate types were silicon nitride coated in the same deposition run. The as-cut multi-Si wafers have a rough surface due to the wiresawing process. The textured multi-Si wafers were realised by acid texturing for 2-3 min in a HF/HNO 3 /H 2 SO 4 solution at 8 °C bath temperature. The thickness and refractive index non-uniformity of the silicon nitride films on as-cut multi-Si wafers over 3 separate runs were within 2.34% and 0.55% respectively.
All samples were studied using SE. In SE the two spectroscopic angles and Δ are measured, which express the change in the polarization state of light after interaction with a sample. A common representation of and Δ is
where r p and r s are the complex reflection coefficients for light waves polarized parallel and perpendicular to the plane of incidence [1] . In our experiments the ( , Δ) spectra were collected over a spectral range of 1.5 to 5.0 eV at an angle of incidence of 75°, using a rotating-polarizer fixed-analyzer ellipsometer (Sopra, Ges5 SE). The SE measurements were performed using 3 different illumination spot sizes: Parallel beam with a spot size of 3 mm × 12 mm Micro-spot with a spot size of 365 m × 470 m Ultra micro-spot with a spot size of 60 m × 120 m All samples were also studied by single-wavelength ellipsometry (SWE, Sentech SE400) at 632.8 nm, using an angle of incidence of 75° and an illumination spot diameter of 1.0 mm. While SWE provides a fast and easy way of characterising thin films, it obviously only provides information on the thin film properties at a single wavelength.
In ellipsometry, the measured and Δ data do not directly represent the sample's optical properties. To obtain these, a model-based analysis is conducted in which the and Δ values are calculated from an optical model and the mismatch between the modelled and measured and Δ values is then sequentially minimized. In our experiments, the ellipsometric data were fitted to a 3-layer model consisting of air, an a-SiN x :H film, and a c-Si substrate. The dielectric function of the a-SiN x :H films was parameterized using the Tauc-Lorentz formalism, as described by Jellison et al. [3] . The surface roughness of the samples was modelled using the effective medium approach (EMA), assuming a void fraction of 50%. Surface roughness was only taken into account for a-SiN x :H films deposited onto the polished c-Si substrates.
In addition, scanning electron microscopy (Auriga, Carl Zeiss) was used to characterise the surface morphology of the as-cut and acid-textured silicon wafers. Finally, selected samples were investigated by transmission electron microscopy (2010F, JEOL) to confirm the results obtained by ellipsometry.
Results and discussion
Examples of SE measurements taken on polished mono-Si and as-cut multi-Si wafers coated with two different a-SiN x :H films are shown in Fig. 1 . It can clearly be seen that the measurements taken on rough samples are different from the measurements taken on the polished reference samples. It is also clear that reducing the measurement spot size reduces the mismatch, but even for the smallest spot size used the deviation is still significant. The reduction of the mismatch by reducing the spot size can be understood by the reduction of the depolarisation of the reflected light. Depolarization can be caused by thickness non-uniformity of the dielectric film, rear surface reflection, or light scattering by rough (i.e., nonpolished) surfaces. In our case we can exclude rear surface reflection, as the multi-Si wafer is nontransparent in the used photon energy range. Thickness non-uniformity of the silicon nitride film is not expected to be resulting from the deposition itself, but could be due to thickness variations caused by the structure of the sample (e.g., deposition on sloped surfaces). Scattering of light on non-polished surfaces may lead to detected light that underwent two or more reflections at the sample surface, thereby affecting the measurement. In the case of as-cut wafers, shown in Fig. 2 , the surface roughness is macroscopic as the feature size is much larger than the wavelength of light used for the measurements. Both these effects are reduced by reducing the measurement spot size, as the acceptance angle for the detected light is strongly reduced in this case.
From Fig. 1 it can, however, be seen that the measurements on rough and polished silicon wafers show reasonable agreement at specific photon energies. For the ~70 nm thick a-SiN x :H film the agreement is good at 2 and 5 eV, while for the ~170 nm thick a-SiN x :H film the agreement is good at 2.8 and 4.2 eV. This can be explained by the fact that an a-SiN x :H film is a good antireflection coating on silicon when air is the surrounding medium. Consequently, the reflection is minimized at specific wavelengths and depolarization due to multiple reflections at the sample surface is strongly reduced at these wavelengths. As a result, we can use this insight to extract information on the a-SiN x :H film deposited onto the rough sample. Instead of analysing the SE data over the whole energy range, we only analyse the data at those photon energies where depolarization is minimal. We refer to this method as energy-selective ellipsometry (ESE), whereby the energies for which the ellipsometric data are analysed depend on the dielectric properties and thickness of the used film and substrate. Table 1 . Thickness and refractive index of a-SiNx:H films co-deposited onto polished Fz mono-Si and as-cut multi-Si wafers. The thickness and refractive index of the a-SiNx:H film on the polished Si wafer was determined from a spectroscopic ellipsometry (SE) measurement. The thickness of the a-SiNx:H film deposited on the as-cut wafer was determined by single-wavelength ellipsometry (SWE), energy-selective ellipsometry (ESE), and transmission electron microscopy (TEM) measurements. The refractive index of the a-SiNx:H film on the as-cut multi-Si wafer was determined from SWE and ESE measurements. In Table 1 , the results of the energy-selected ellipsometry analysis are summarized, combined with TEM measurements on the same samples. It can be seen that an excellent agreement is obtained for the silicon nitride film thicknesses obtained by ellipsometry and TEM analysis. Moreover, no big difference is observed in the refractive index and thickness of a-SiN x :H films co-deposited onto polished and as-cut Si wafers. The finding that the refractive index is similar is plausible and is of major importance for practical applications of plasma silicon nitride films. The finding that the thickness is also quite similar can most likely be attributed to the fact that the detected signal in the SE measurements is coming from surfaces which are oriented parallel to the reference plane, similar as for the polished sample. It should be noted that for rougher surfaces, typically a reduction in the average thickness of the dielectric film is expected (due to the larger surface area that needs to be coated). Our method is currently being studied on acid-textured multi-Si samples and the results will be published elsewhere.
Table I also shows that SWE is able to extract accurate information for 70 nm thick a-SiN x :H films on c-Si substrates. This is explained by the fact that the minimal reflection occurs at the used photon energy of 2 eV. However, the SWE method is generally not accurate for thicker films. For example, for the 170 nm thick a-SiN x :H film investigated in the present study, the SWE method gives a value of 3.45 for its refractive index (see Table 1 ). This is unreasonable, as can be seen from a comparison with the result obtained on the reference sample. Hence, care should be taken when the SWE method is used for studying thin dielectric films on rough surfaces as it could well be that the measurement is done in an energy range that is strongly affected by depolarisation effects, resulting in incorrect measurement results.
Conclusions
Depolarization of light due to multiple scattering events for light rays reflected at a rough surface makes characterisation of thin films by ellipsometry a challenging task for real-world silicon samples. In this paper a-SiN x :H films of various thicknesses were studied on both polished and rough as-cut silicon surfaces and it was found that depolarization strongly depends on the photon energy, due to the interference effects of light. Based on this finding, a novel method for extracting material properties of a-SiN x :H thin films on rough Si wafers is proposed. We refer to this technique as energy-selective ellipsometry (ESE) where the ellipsometric data are only analysed at those particular photon energies where the light undergoes destructive interference. The method was demonstrated for as-cut Si wafer surfaces, whereby the obtained silicon nitride film thicknesses show excellent agreement with the results obtained from transmission electron microscopy. It should be noted that the method does not work for alkaline textured c-Si surfaces, due the regular nature of the surface texture in that case.
